since particles are used as probes, the wave length is given by de Broglie's rela tion λ = h/p. With the highest energies available today, details down to 1016 cm can be resolved -a distance correspon ding to 1/1000 of the proton radius. 2. According to Einstein's relation E -me2 (E = energy, m = rest mass of a particle, c = velocity of light) higher energies are necessary to produce heavier particles. Heavy particles have many decay channels into lighter particles and therefore usually are very short-lived. As a result they are not easily observed in Nature, and have to be produced artificially. To know about the existence of such particles and their pro perties is essential to understand the struc ture of matter. With presently available energies, particles up to about 20 proton masses can be produced which is not suffi cient, as we shall see. 3. To understand different interactions it is necessary to study them not only at low energies (low frequencies), but also at high energies. Our understanding of electroma gnetic interactions, for example, would be very fragmentary if we had explored experi mentally only the electrostatic low-energy limit.
The only way to achieve the necessary high energies or, more explicitly, energy concentrations, is to accelerate particles by electromagnetic fields, and because the ac celeration procedure takes of the order of seconds, the particles must be stable and charged. That leaves us with protons and electrons only and their respective antiparticles. As probes, protons and electrons behave in a complementary way.
Protons are relatively easy to accelerate and in a synchrotron the energy is limited by the product B x R ( B = the magnetic field guiding them on a circle, R = the radius of the orbit). Hence the momentum increases linearly with B or R, and besides increasing the radius to achieve higher momenta, one tries to use superconduc ting technology to increase B. The disad vantage of the proton is its very com plicated structure. From lepton scattering we know that the proton contains not only three "valence quarks", but, in addition, gluons which bind the quarks together and so-called "sea quarks" which are due to vacuum polarisation. As a consequence, collisions involving protons are rather dif ficult to interpret and extracting from them the fundamental information on collisions between the constituents of matter, e.g. quarks or gluons, is not easy.
This difficulty does not exist with elec trons which, to our present knowledge, behave like mathematical points down to dimensions of 1016 cm. On the other hand, they are difficult to accelerate in a circular accelerator, as the centripetal acceleration leads to the emission of synchrotron radia tion. The energy loss due to synchrotron radiation is proportional to E4/R (where E = energy of the electrons and R = radius of their orbit). This energy loss must be compensated by accelerating fields and the R F power to produce these fields is propor tional to E8. To compensate this high power of E by increasing the radius is not very efficient. Indeed, by doubling the radius the electron energy can be increased by only about 20%. Therefore, it is not suprising that the energies imparted to electrons in circular accelerators are much lower than to protons (see Table 1 ) and the highest energies for electrons have been obtained in the 2-mile linear accelerator SLAC in Stanford where synchrotron radiation losses are avoided. However, it seems difficult to increase the energies of Positrons have been used in accelerators and storage rings for quite a number of years because they are comparatively easy to produce. Antiprotons, however, are dif ficult to produce because of their large mass and above all it requires special provi sions to accumulate a sufficient number with sufficiently equal momenta to be used in an accelerator. This became possible for the first time last year at CERN and will be described below.
There are two ways of using accelerated particles : a) In fixed target accelerators the accelera ted protons or electrons are directed against nuclei (mostly hydrogen) at rest. The disadvantage is that according to rela tivistic kinematics, the available centre-ofmass energy increases only with the square root of the laboratory energy. On the other hand, in these collisions secondary par ticles are produced from which secondary beams can be derived, including electron beams with energies up to about 300 GeV. These cannot be obtained in any other way. Secondary beams allow many diffe rent processes to be investigated which could not be studied otherwise. b) The other possibility is to make two par ticle beams collide head-on, in which case the centre-of-mass energy is just the sum of the energies of the two colliding beams. The disadvantage is that because of the small cross-sections, the chances of a colli sion are very small, and so far the most economic way is to store the beams in sto rage rings where they circulate for hours or even weeks increasing thereby the chances enormously.
If particles of the same kind are required to interact, two interleaved magnetic rings with opposite magnetic fields are neces sary. The proton-proton collider, ISR at CERN, Fig. 1 , is the first and so far the only project of this kind for protons. DORIS at Hamburg was originally built as a two-ring collider in order to observe electron-elec tron collisions, but it has never been used in this mode of operation.
More interesting and much simpler are storage rings where particles and antipar ticles collide. Because of their opposite charge, only one magnetic ring is neces sary. The two largest e + e -storage rings are PETRA in Hamburg (energy per beam 19 GeV, to be increased to about 22 GeV) and PEP at Stanford (beam energy 18 GeV). Proton-antiproton collisions in sto rage rings were produced in 1980 for the first time at CERN, a remarkable achieve ment which I should like briefly to describe. 
S P S 4 5 0 G eV p

CERN Proton-antiproton Project
During the past few years, the SPS at CERN (Fig. 1 ) which for fixed target opera tion can accelerate protons up to 450 GeV, has been converted to a pp collider facility with a maximum energy of 270 GeV per beam. For continuous colliding beam phy sics, the maximum energy is lower than for cycling fixed target operation because of the limitation of the power supplies. The centre-of-mass energy in proton-antipro ton collisions which was achieved for the first time in 1981 is 2 x 270 = 540 GeV, the highest energy ever produced in a labora tory. At the heart of this project is the system for producing "cooled" antipro tons.
Protons originally accelerated in the PS to 25.6 GeV hit a metal target where among other particles, antiprotons with an average momentum of 3.5 GeV are produ ced. The main difficulty is that these anti protons are produced with momenta diffe ring in direction and magnitude such that only a very small number could be injected directly into an accelerator. To overcome this, a special ring, the Antiproton Accu mulator Ring (AA) has been built whose task is to accumulate the antiprotons and cool them, which means homogenize their momenta. Seen from the average antipro ton the other antiprotons have random velocities and their motion can be interpre ted as a temperature. Homogenizing the momenta in direction and magnitude cor responds therefore to a cooling process. Cooling requires some interaction with the outside as Liouville's theorem states that phase space density cannot otherwise be reduced. But even with interference from the outside the cooling process seems a kind of Maxwellian demon.
In the ingenious system invented and developed at CERN which goes under the name of stochastic cooling, at a certain point of the circumference of the AA ring, a probe detects any deviation of a bunch of particles from the ideal orbit. A signal is passed across the diameter of the ring to a place on the opposite side and when the particle bunch arrives a kicker applies a cor recting signal. In this way, cooling can be achieved in all six dimensions of phase space. The method works so effectively, it takes only a few seconds to produce a homogenous proton beam. In reality the process is much more complicated, and in deed would not work for an infinite number of particles; fluctuations of a finite number of particles are necessary, hence the name stochastic cooling. The antiprotons are taken through a beam transfer loop back to the PS (Fig. 1) where they are injected in the opposite sense, accelerated up to 26 GeV, and then taken through a transfer channel to the SPS. To get a sufficient number of antipro tons takes about a day, which implies that the whole system with its many injections and transfer systems has to work extremely reliably. The first proton-antiproton colli sions were observed in August 1981, and the experimental programme started in the autumn of the same year with, in total, five collaborations to do experiments.
One of the remarkable features of these very high energies is the large number of particles which are produced in protonantiproton collisions (see Fig. 2 ). One can really speak of the creation of matter and we might be very close to the conditions under which matter was produced during the big bang at the origin of the Universe. In Fig. 3 the average number of particles produced in proton-antiproton collisions is shown as a function of the centre-of-mass energy. In the coming years the SPS will provide a unique instrument for the physi cists, and it can be hoped that some funda mental questions which I shall mention later might be clarified.
Next Generation of Accelerators
In Table 1 , the new projects which are under construction or have been approved are listed. A remarkable tendency can be seen. Whereas in the past a certain duplication of facilities in various continents was accepted to be useful, the projects of the next generation of accelerators are so big and costly that a complementarity between the various regions in the world is aimed at. Thus, in Europe the emphasis is on the big large electron-positron ring LEP at CERN, which was approved in December 1981 by the Member States and whose construc tion has already started. It has a circumfe rence of almost 27 km and is optimized for an energy per beam close to 100 GeV, although in the first phase, beam energies of about 50 GeV are foreseen. Of the eight possible interaction regions, probably only four will be equipped initially. Discussions on the experimental programme have already started and about 800 physicists from all over the world will be involved.
Are There Final Indivisible Constituents of Matter?
In Fig. 4 our present-day knowledge of the constituents of matter is summarized. This scheme in a way replaces the periodic table of the elements of the chemists of the last century. Certainly, it seems to be sim pler. All the particles shown in Fig. 4 are fermions, i.e. they have spin 1 /2. The im plication is that for each kind of these par ticles a conservation law exists, meaning that they cannot be produced as single par ticles but only in particle-antiparticle pairs.
There are two classes of particle : the lep tons which do not feel the nuclear force and the quarks which do. Another major difference is that quarks have 1/3 charge whereas leptons have integer electrical charges. The particles in the first line of the scheme differ from those in the second line by one unit of electric charge. The two par ticles in each column form a family with respect to weak interactions in the sense that they can be transformed into each other. Thus, in weak processes au quark can be transformed into ad quark and vice versa or an electron into an electron neu trino, etc. The mass of the leptons increa ses from left to right. Thus, besides the electron, a heavy electron (which is usually called a muon) is known and a couple of years ago a super-heavy electron, the τ particle, was detected. Each of these electron-like particles has its own neutrino. Although experimental upper limits on the masses of the neutrinos are small, one of the most interesting questions is whether the mass of these neutrinos is exactly zero or not. Originally, three quarks (u, d and s) were identified, but in the seventies the charm quark and the beauty quark were discove red. Because of the supposed symmetry between leptons and quarks most physi cists are convinced that a sixth quark, the top quark, must exist. As we have so far no understanding of the rules governing the masses of these particles, it is not possible to predict the mass of the top quark. For a certain time it was hoped that it could be produced with PETRA but it seems to be heavier than the available energy. Maybe it can be found with the pp collider or LEP. Looking at the scheme of Fig. 4 , a num ber of fundamental questions immediately arise : why are there six leptons and six quarks? Why is six a fundamental number not four or eight ? Although no heavier lep ton than the τ has been found so far (the energies are not sufficient to produce heavier quarks than the b) it cannot yet be excluded that there is an infinite number of leptons and quarks. Such a series of par ticles could be interpreted as excited states of one fundamental system. On the other hand, symmetry considerations could speak in favour of a finite number of lep tons and quarks, but then we must ask the question : why are there two classes of par ticle? Several theorists have speculated that quarks and leptons might not be the ultimate constituents, but that there might be a deeper layer of matter. They have postulated even smaller particles (some times called rishons or haplons) out of which both quarks and leptons can be composed. Such a composition of quarks and leptons would imply that the latter par ticles have an internal structure and above all a finite radius.
So far, experiments at PETRA have shown that both leptons and quarks behave like point-like particles down to dimensions of about 10-16 cm. This does not yet exclude completely an internal structure of leptons and quarks, and only experiments at higher energies will be able to evaluate all these speculations. How ever, independently of whether some con stituents of quarks and leptons can be found, I believe that we have come to a principal limit in subdividing into smaller and smaller parts, the constituents of mat ter. If this should turn out to be true, it might be the most fundamental discovery of elementary particle physics in this cen tury.
There are two indications for such a limit. First, it has not been possible to isolate individual quarks, although as I shall explain below, this might be due to the pro perties of the nuclear forces. Second, there seems to be an even more general argu ment. If we consider the ratio between the binding energy and the rest masses of the constituents of certain composite struc tures (see Table 2 ) we find that this ratio in creases as the constituents become smal ler, and it has to be much larger than unity for sub-constituents of quarks and leptons (estimates indicate a figure of the order of 106). Table 2 clearly demonstrates why our previous method of describing Nature by well-defined constituents, between which forces are acting, worked so well. The forces are relatively weak, such that the in dividuality of the constituents is not im paired by the interaction. At the level of the quarks this situation changes dramatically. For sub-constituents of quarks the interac tion between these particles has become so strong that it seems difficult to continue to consider these constituents as individual particles. The philosophical consequence, of course, would be that a further subdivi sion of matter into smaller particles is still conceivable, but loses practically its mean ing. We might be forced to abandon our method of describing Nature by individual particles and their interactions.
Forces at the Origin of Matter
All this indicates that an understanding of the forces which we find in Nature might be the clue to an understanding of the structure of matter. The forces which we know today are shown in Fig. 5 where they are ordered according to their strength. We believe that the forces do not act directly over long distances, but that they are me diated by fields which represent a special state of the space-time continuum. This was first demonstrated for the electro magnetic interactions, but we have evi dence nowadays that it is also true for the weak and the nuclear forces. It could not be proved yet for gravitation which, although being the longest known interac tion, is very difficult to study experimental ly in the laboratory because of its weak ness.
At very small distances, quantum effects become predominant. The field quanta of the interacting fields are bosons (integer spin). We can imagine that the "structure" particles, the fermions, exchange these "binding particles" whereby a force is created. If it is true that all forces can be ex plained as an exchange of binding bosons, this might be taken as an indication that all forces have a common structure whereas their different properties are essentially due to the different bosons. This might give us hope that all forces can finally be reduced to one fundamental force.
The best known field quantum is the photon which has no mass and spin 1. Three years ago the binding particle of the strong interaction, which has the name gluon, was detected at PETRA. Like the photon, it has no mass and spin 1. Both carry no electric charge.
For the weak interaction, the binding particles, the intermediate bosons, must have completely different properties. In weak processes, like nuclear beta decay, the charge of the interacting particles changes (e.g., a neutron is converted into a photon) so that the intermediate bosons W + and W-must have an electric charge. As the range of this interaction is extremely short, the mass of these particles must be very high according to the uncertainty prin ciple, and it has not been possible to detect them experimentally so far.
A major step was achieved when Glashow, Salam and Weinberg developed a theory which tried to unify the electro magnetic and the weak interaction. One of the predictions of this theory was that besides the two charged intermediate bosons, there should also be a neutral boson Z° which in a way is nothing other
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Prof. Roland Engfer Physik-Institut, Universität Zürich Sch ön berggasse 9 CH-8001 Zürich, Switzerland than a heavy proton. In 1973, the existence of the so-called neutral currents were esta blished at CERN which are an indirect in dication for the existence of Z°. Many ex periments at relatively low energies are in full agreement with this theory; however, what is necessary is its verification at high energies. The detection of intermediate bosons whose mass is predicted to be 80-90 times the proton mass would be an important step in this direction. The only accelerator which has enough energy is the proton-antiproton collider at CERN and therefore a discovery of these particles in the coming years might be possible. A detailed study of their properties and a full test of the unifying theory will, however, only be possible when LEP comes into operation.
New Kind of Charge: Colour
The next question we might ask is whether the nuclear force could also be in tegrated in this unification process. Indeed, there are some indications. However, before such a step can be made it seems necessary to understand better the strong force itself. For many decades only pheno menological descriptions of the nuclear force were available and it is only during the past few years that a theory has been developed for the nuclear force analogous to quantum electrodynamics (QED). The theory is called quantum chromodynamics (QCD). Recent experiments support this theory, although many details and also some fundamental questions remain to be clarified.
The name of QCD has the following ori gin. In contrast to the electrical charge it is supposed that for the strong interactions there are three different charges and each charge has its own opposite, or anticharge (see Fig. 6 ). A neutral state can be produc ed as in the electric case by a combination of the charge and its proper anticharge. In QCD however, a new possibility exists. If three charges are combined (without invol ving an anticharge) one can also produce a neutral state. This corresponds to the known procedure of mixing colours where three basic colours can give a white colour. Because of this analogy the three charges of the strong force are designated by co lours, e.g. red, green or blue with their anticolours antired, antigreen, antiblue. Carriers of these anticharges and hence sources of the strong force are the quarks, whereas leptons do not carry any colour charge.
So far, one has found in Nature only neutral, white states. This implies that only two kinds of quark "molecules", which are called hadrons, can be composed. Either a quark and an antiquark are bound together which is called a meson, or the other possi bility is that three quarks form a particle (called baryons) with the proton and the neutron as the best known examples. No other combinations have been found so far, implying that the quark "chemistry" is very simple. As mentioned above, the field quanta of the strong force are called gluons, and one essential difference bet ween QED and QCD is that the photons do not carry an electric charge whereas the gluons are colour charged. This implies that a direct gluon-gluon interaction and even bound gluon states are possible. This important prediction of QCD has not been definitely confirmed experimentally yet, although there exist some indications for bound gluon states (gluon balls).
A very remarkable experimental fact is that so far no free colour charges have been produced, and that no free quarks and no free gluons have been observed. The question now is if our available ener gies are just not high enough to break the colour binding or if there is a fundamental principle which forbids free colour states and allows only the existence of neutral states in Nature.
The answer to these questions might be linked to another fundamental difference between QED and QCD (Fig. 6) . The strength of the coupling between an elec trical charge and the electro-magnetic field is determined by the size of the elementary charge of the dimensionless quantity deriv ed from it a = e2 / hc. This fine structure constant is a universal quantity and is in particular independent of the interaction energy. In QCD, it can be derived from very general principles that the corresponding coupling constant as is indeed not a cons tant but depends on the interaction energy in a logarithmic way. At large energies it is small, but increases with decreasing energy. The energy dependence is characteri zed by a parameter Λ (see Fig. 6 ) and this parameter is the characteristic constant describing the strong interactions and not as itself. An experimental determination of Λ is difficult as the logarithmic dependence on energy is rather weak. Last year several experiments at CERN could determine this quantity and it was found that the order of magnitude is about Ʌ ≈ 100 MeV corres ponding to a length of about 3 fm.
The change of the coupling with interac tion energy has a very important conse quence. If quarks interact at small dis tances, the interaction energy is high, the coupling is low, and the quarks behave almost like free particles (asymptotic freedom). In this case, QCD behaves almost like QED and indeed many formulae of QED can simply be adapted to QCD. The situation is completely different, however, for large distances between the quarks. Then the coupling increases and if one tries to separate two quarks, quark-antiquark pairs are created, which combine with the original quark to colourless, white states. This is analogous to breaking a magnet where at the breaking point a new pair of North and South poles is formed, such that the two pieces of the magnet are both dipoles and no monopoles could be pro duced. If this "confinement" of quarks is corroborated experimentally and could be better understood theoretically, it might be the most important discovery in elementary particle physics. Apart from its conse quences for a better understanding of the strong interactions it would imply that we have come to a principal limit of sub-
